Abstract Barringtonia racemosa (Lecythidaceae) is a widely distributed mangrove associate in coastal areas of Africa, Asia and Australia. During routine disease surveys along the east coast of the KwaZulu-Natal Province in South Africa, B. racemosa trees were observed with symptoms of leaf and fruit spot. A novel species of Pseudocercospora was commonly associated with these symptoms. This fungus is described as Pseudocercospora mapelanensis sp. nov., based on multi-gene sequence analyses for the ACT, ITS, LSU and TEF gene regions, as well as morphological characteristics.
Introduction
Mangroves, including true mangroves and mangrove associates (Tomlinson 1986; Ellison and Farnsworth 2001) , are adapted to survive in saline-rich water and anoxic soils. They are found along tropical and sub-tropical coastlines where they provide many environmental and economic benefits (Spalding et al. 2010) . Mangroves are, however, frequently threatened by anthropogenic activities and/or environmental factors (Spalding et al. 2010) . Despite their importance, there have been relatively few studies to consider the impact of microbial diseases on these trees (Osorio et al. 2014) .
Barringtonia racemosa (fresh water mangrove) is a mangrove associate that belongs to the Lecythidaceae, found along canals and rivers of coastal areas of Africa, Asia and Australia (Chantaranothai 1995; USDA-ARS 2014) . Although several fungal species have been reported from Barringtonia species globally, nothing is known regarding fungal pathogens of B. racemosa in South Africa. During a survey of the health of mangrove species in this country, a fruit, floral and leaf disease was observed on B. racemosa trees in the Zululand region. The aim of this study was to describe the symptoms of the disease and to identify its causal agent.
Materials and methods

Disease observations and sample collection
In February 2011, a disease affecting the flowers, fruits and leaves of Barringtonia racemosa was observed in the Mapelane area of the Kwazulu-Natal Province in South Africa. In order to identify the fungus most closely associated with the disease symptoms, infected fruits, floral sepals and leaves were collected from several sites, placed in paper bags and transported to the laboratory for further study. During 2012 and 2013, additional areas where B. racemosa is known to occur were also surveyed for the occurrence of the disease, and additional samples were collected for analyses.
Cultures
A single fungus was found sporulating profusely on infected green leaf and fruit tissue. Fungal structures were transferred directly from plant material, mounted on microscope slides and examined under a Zeiss Axioskop microscope (Carl Zeiss, Germany) . Images were obtained by using an Axiocam digital camera connected to the microscope. To isolate this fungus, stromatic tissue was removed from symptomatic plant material and transferred to 500 μl autoclaved Sabax water. Of this, 100 μl were spread onto 2 % malt extract agar (MEA, Biolab Malt Extract, 20 g Biolab Agar amended with 0.4 g of streptomycin to suppress bacterial growth, in 1 L distilled water) and incubated overnight. Germinating conidia were transferred to fresh 2 % MEA. Pure cultures obtained from single spore isolates were deposited in the culture collection (CMW) of the Tree Protection Co-operative Programme (TPCP) at FABI, University of Pretoria. Duplicate cultures were deposited in the CBS-KNAW Fungal Biodiversity Cent r e 's c u l t u r e c o l l e c t i o n ( C e n t r a a l b u r e a u v o o r Schimmelcultures) in Utrecht, The Netherlands.
Pathogen identification
DNA extraction, PCR amplification and sequencing
To extract genomic DNA, mycelium from colonies of three isolates, no older than 4 weeks of age, were placed into 1.5 mL sterile Eppendorf tubes and freeze dried. Isolates for identification were selected based on plant part and collection site, so as to represent all symptom types and regions, as well as multiple trees. DNA was extracted using the phenolChloroform method described by Raeder and Broda (1985) . After DNA was obtained, a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Rockland, DE) was used to measure DNA concentrations, and to calculate the volumes to be used in PCR reactions.
Four gene regions were sequenced for all isolates. A portion of the mitochondrial large subunit (LSU) was amplified using primers LR5 (Vilgalys and Hester 1990) and LR0R (Moncalvo et al. 1993) . The internally transcribed spacer (ITS) regions (ITS1, ITS2) were amplified using the primers ITS1 and ITS4 (White et al. 1990) . A portion of the translation elongation factor 1-α (TEF) was amplified using the primers EF1F and EF2R (Jacobs et al. 2004) . A portion of the actin (ACT) gene was amplified using the primers ACT-512F and ACT-783R (Carbone and Kohn 1999) .
For all gene regions, each reaction contained 2.5 μL of PCR buffer, 2 μL dNTP, 1 μL of each primer, 0.3 μL of fast Taq polymerase and 3 μL of DNA (60 ng/μl). Sterile Sabax water was added to obtain a final volume of 25 μL for each reaction. Reactions were run using the following thermal cycling conditions: initial denaturation at 94°C for 4 min followed by a denaturation step of ten cycles consisting of 94°C for 20 s, annealing at 55°C (ITS and TEF), 48°C (LSU) and 61°C (ACT) for 48 s, and elongation at 72°C for 45 s, followed by a further 25 cycles of 94°C for 20 s, followed by an annealing step with temperatures as previously indicated for each gene region (55°C, 48°C, 61°C), for 40 s with a time increase of 5 s per cycle, and then 45 s at 72°C. This was concluded by a final step of 72°C for 10 min. An aliquot of 5 μl of each PCR product was separated by gel electrophoresis at 90 V for 20 min in a 2 % agarose gel in 5 % TAE Buffer (40 mM Tris, 40 mM acetate, 2 mM EDTA, pH 8.0) to evaluate the success of the reactions using GelRedTM nucleic acid gel stain (Biotium, Hayward, CA, USA). PCR products were cleaned using Sephadex G-50 columns, following the instructions provided by the manufacturers (Sigma Aldrich, Sweden).
Purified PCR products were used as template DNA for sequencing reactions, using a Big-Dye terminator cycle sequencing kit (Perkin-Elmer Applied Biosystems, Foster City, California, USA) and the same primers and annealing temperatures that were used in the PCR. The final products were also cleaned in Sephadex G-50 columns. Sequencing was carried out on an ABI PRISM 3100 DNA sequencer (Applied Biosystems).
Morphology
Colony morphology and microscopic features of the isolated fungus were examined directly from plant material and from cultures growing on 2 % MEA. Mounts of the fungus were prepared in 85 % lactic acid on microscope slides for detailed observations of structures such as stromata, conidiophores and conidia. Where structures were dry, these were mounted in 2 % KOH. Characters such as size of conidiophores and conidiogenous cells as well as pigmentation of the conidia were used for description of the species based on morphology. Fifty measurements were made for each relevant morphological characteristic and the standard deviation (S.D.) was calculated for measurements of the stromata, conidia and conidiophores. Minimum and maximum dimensions are given in parentheses.
Colony colors (surface and reverse) were assessed after 30 days on MEA, using the color charts of Rayner (1970) . Growth of cultures was assessed by measuring single conidial cultures after 15, 30 and 60 days maintained at a temperature of 25°C. Culture characteristics were determined from cultures grown under natural day/night conditions.
Phylogenetic analyses
Sequences of the isolates obtained from B. racemosa were assembled using CLC Main Workbench 6.7.1 (http://www. clcbio.com/genomics/), and compared with published sequences using a Blast search in the GenBank (http://blast. ncbi.nlm.nih.gov/blast.cgi) data base. DNA sequences for closely related species, previously published, were retrieved from GenBank and combined into data sets with the B. racemosa sequences (Table 1 ). The data matrices were aligned using an online version of MAFFT v. 7 (Katoh and Standley 2013) and edited manually for alignment errors with MEGA version 6 (Tamura et al. 2013) . Phylogenetic analyses of sequence data for Maximum Parsimony (MP) were performed with the software package PAUP* 4.0b10 (Swofford 2003) . Maximum parsimony (MP) genealogies for single genes were constructed with the heuristic search option (1000 random taxa additions, tree bisection and reconstruction or TBR in PAUP). Uninformative characters in each data set were excluded from the analyses, and the consistency index (CI), homoplasy index (HI), rescaled consistency index (RC), retention index (RI) and tree length (TL) were determined for the resulting trees. Partition homogeneity tests (PHT) were conducted to determine the congruence of trees obtained from the different gene regions with PAUP* 4.0b10 (Swofford 2003) to define whether data from the different gene regions could be combined.
Phylogenetic analyses of sequence data for Maximum Likelihood (ML) were performed with the program PhyML version 3.0 (Guindon and Gascuel 2003) . The confidence levels were estimated with 1000 bootstrap replicates. The best fit substitution models for each of the data combinations were determined using jModeltest 0.1.1 (Posada 2008 ). MrBayes v. 3.2 (Ronquist et al. 2012 ) was implemented to perform the Bayesian inference (BI) analyses. Trees were sampled at every 100th generation for six million generations and the posterior probability values above 0.95 were accepted.
Results
Disease symptoms and sample collection
The fruit, leaf and floral sepal disease of B. racemosa was found in the Mapelane area on the southern border of the Isimangaliso Wetland Park, the city of Richards Bay and in Mlalazi Nature Reserve near the town of Mtunzini. Symptoms were mostly observed during summer, particularly January to April. Isolates of the fungus consistently associated with this disease were obtained from the aerial organs of ten trees from Mapelane, as well as from ten trees each in two areas in Richards Bay. Three representative isolates from fruits, leaves and sepals were selected for identification based on DNA sequence data.
The disease affecting B. racemosa was characterized by sooty black spots on the fruits (Fig. 1a and b) ; on the floral sepals ( Fig. 1c and d) as well as dark stromata becoming confluent to produce large spots on the leaves (Fig. 1e and f) . These spots could merge and cover the entire surface of the aerial organs affected. Leaf infection often resulted in leaf deformation (Fig. 1e) . Brownish conidiophores and pale brown conidia were commonly observed under the microscope (Fig. 2) . Although the disease did not result in defoliation of trees, flower and fruit abortion was common on affected trees at Mapelane and Richards Bay.
Identification
PCR amplification and sequencing
DNA was successfully extracted from the isolates and PCR and sequence products generated for all selected gene regions. Sequence fragments were approximately 367 bp in size for the ACT, 485 bp for the ITS, 826 bp for the LSU and 456 bp for the TEF-1α. All sequences used in this study have been deposited in GenBank (Table 1) .
Phylogenetic analyses
Blast searches in Genbank, of sequences generated for the LSU and ITS gene regions, showed that all isolates obtained from diseased B. racemosa represented a species of Pseudocercospora. Based on these results, data sets were assembled for all gene regions sequenced, including sequence data for previously described, published species of Pseudocercospora (Table 1) .
Sequence data sets of the ACT, ITS, LSU, and TEF-1α gene regions were analyzed individually (Table 1) . A phylogenetic re-construction was conducted for the aligned LSU data set to determine generic relationships. The LSU data set comprised species from the five closest related sister genera in the Mycosphaerellaceae, based on Blast searches and published literature. These included Cercospora Fresen., Mycosphaerella Johanson., Passalora Fresen., Pseudocercospora Speg., Septoria Sacc., and Pallidocercospora Crous. Cladosporium cladosporioides (Fresen.) G.A. de Vries., and Cladosporium herbarum (Pers.) Link, were included as outgroups. The dataset for the LSU phylogenetic analyses comprised a total of 69 taxa. ML analyses resulted in 1000 trees and MP analyses in 7304 trees (Fig. 3) .
The isolates obtained from B. racemosa grouped strongly within the genus Pseudocercospora in all analyses. Subsequently, a species level phylogeny was derived from individual analysis of the ACT, ITS and TEF-1α alignment of described species of Pseudocercospora, with Passalora eucalypti (Crous & Alfenas) Crous & U. Braun, included as outgroup. A total of 43 taxa were included in the analyses for each of the three gene regions. ML analyses of the ITS data set resulted in 1000 trees and MP analyses in 93,765 trees. These trees all suggested that isolates from B. racemosa represent an undescribed species, most closely related to, but distinct from, P. longispora (Fig. 3) .
Phylogenetic analyses involving sequence data from the ACT and TEF gene regions helped to clarify the placement of the species from B. racemosa (Fig. 4) . ML analysis of the ACT gene region resulted in 1000 trees and MP analysis in 4274 trees. The ML analysis of the TEF gene region data set resulted in 1000 trees and MP analysis in 156 trees. These trees also suggested that isolates from B. racemosa represent an undescribed species of Pseudocercospora, showing P. dodonaeae as the closest relative in the ACT gene region and P. xanthoxyli as the closest relative in the TEF-1α gene region.
Taxonomy
Based on sequence comparisons for multiple gene regions, the fungus obtained from diseased B. racemosa in South Africa represents an undescribed species of Pseudocercospora. The following description based on morphological characteristics is provided: Pseudocercospora mapelanensis J. A Osorio & Jol. Roux (Figs. 1 and 2) MycoBank MB 809625 Diagnosis: Morphologically akin to Pseudocercospora barringtoniicola, but conidia shorter and wider, (19-)24-38(−45) x (4-)5-7(-10) μm, only 1-3-septate, conidiogenous loci sometimes subconspicuous, circle-like in front view, and hila of the conidia often somewhat refractive or even darkened-refractive and thus more conspicuous.
Leaf spots amphigenous, subcircular to angular-irregular, 2-18 mm diam or confluent and larger, margin indefinite or surrounded by a diffuse, paler halo, pale greenish, yellowish to ochraceous. Caespituli amphigenous, also on fruits, punctiform to pustulate, scattered to gregarious, dark brown.
Asexual stromata (10-)20-60 μm diam, sometimes expanded or confluent and larger, to 100 μm diam or larger, brown to blackish brown, sub-globose, erumpent on leaves Fig. 1 Signs and symptoms of disease caused by Pseudocercospora mapelanensis on B. racemosa (a, b). Fruit infection (c, d). Sooty black spots on floral sepals (e). Leaf spots on the abaxial part of the leaf (f). Close-up view of leaf spots and fruits, composed of swollen hyphal cells, subglobose to slightly angular-irregular in outline, 2-6 μm diam, amphigenous, gregarious on both surfaces, denser on the abaxial surface, circular to irregular in shape, at first smaller and substomatal, later expanding or confluent and also immersed, giving rise to conidiophores. Conidiophores (10-)20-116(-136)×(3-)4-7(-8) μm, mostly hypophyllous, in small, loose to often large or even very large and dense fascicles, usually arising from a dark stroma, emerging through stomata or erumpent, septate, sympodial, moderately, strongly geniculate-sinuous, truncate apex, or sometimes obtusely rounded, unbranched, at first sub-hyaline to pale olivaceous, later brown, ranging from pale to medium olivaceous-brown to brown, wall smooth, thin, to about 0.5 μm, occasionally somewhat thicker near the base in older conidiophores, to about 1 μm; conidiogenous cells integrated, terminal or conidiophores reduced to conidiogenous cells, conidiogenous loci inconspicuous or subconspicuous by being somewhat refractive around the rim, in from view sometimes visible as minute circle, about 1.5-2 μm diam. Conidia solitary, subcylindrical, fusiform to obclavate, straight to somewhat curved, (19-) 24-38(-45)×(4-)5-7(-10) μm, 1-3-septate, subhyaline to pale brown or olivaceous-brown, smooth, thin-walled, apex obtuse and rounded, base short obconically truncate, (1.5-)2(-2.5) μm wide, hila unthickened, usually not darkened, but often refractive or slightly darkened-refractive.
Colonies slow growing (reaching 2 mm diameter after 15 days, and 5-6 mm after 30 days) on MEA (Malt Extract Agar) at 25°C. Colonies with circular to irregular blackish margins, raising centrally, of dense cottony mycelium and hard texture. Young colonies dark, turning to greyish white or green after 1 month, reverse colony black to dark blackish brown. Despite trying different culture media types no sporulation of P. mapelanensis was observed in cultures. Etymology: Epithet refers to one of the areas in South Africa (Mapelane Nature Reserve) where the disease was first observed.
Habitat. Symptomatic fruits, floral sepals and leaves of Barringtonia racemosa. The following is a dichotomous key to Pseudocercospora species on Barringtonia species, adapted by Braun from the Cercosporoid hyphomycetes on Barringtonia spp. (Braun and Mouchacca 2000) . 
Discussion
This study provides the first description of a disease of the mangrove associate, B. racemosa in South Africa. A fungus in the genus Pseudocercospora was consistently and intimately associated with early symptoms of the disease. It readily sporulated on green tissue and all indications are that this is the causal agent of the disease. The fungus was shown to represent a novel species for which the name Pseudocercospora mapelanensis has been provided.
Three species of Pseudocercospora have previously been described causing infections on Barringtonia species (Braun et al. 1999; Braun and Mouchacca 2000) . These include P. barringtoniae-acutangulae U. Braun & Mouch., P. barringtoniigena U. Braun & Mouch., and P. barringtoniicola U. Braun & Mouch. Unfortunately neither cultures, sequences nor herbarium specimens are available for these species and they were not included in this study for comparative purposes. However, based on the published descriptions of the symptoms and micro-morphology, these species are all clearly different from P. mapelanensis.
Pseudocercospora barringtoniae-acutangulae was first described from B. acutangulae in India causing irregular to sub-circular small leaf spots and later becoming confluent to form large patches on the leaves (Braun and Mouchacca 2000) . Pseudocercospora barringtoniigena was reported from B. asiatica in the South Pacific (Futuna) and it is characterized causing sub-circular and amphigenous leaf spots, and similar to B. acutangulae in causing large patches on the leaves when lesions become confluent (Braun and Mouchacca 2000) . Pseudocercospora barringtoniicola was first described from B. speciosa in French Polynesia, Tahiti. This species forms large sub-circular to irregular spots on both sides of the leaves and the lesions become blackish during fungus fructification (Braun et al. 1999) . Based on morphological descriptions provided for these fungi, they differ from the South African fungus in a number of characteristics (Table 2 ). Conidiophores and conidia of P. barringtoniaeacutangulae and P. barringtoniigena are larger than those of P. mapelanensis. Conidiophores of P. barringtoniicola are shorter, and conidia larger, than those of P. mapelanensis. Species previously described from Barringtonia also differ in the number of conidial septa, with P. mapelanensis having Table 2 Comparison between described species of Pseudocercospora associated with Avicennia marina and Barringtonia species Braun et al. 1999 Shivas et al. 2009 between 1 and 3 septa while the other species have more than three transverse septa.
Sequence data for the Pseudocercospora species known to occur on Barringtonia are not available for comparison and the lack of cultures preclude this work. However, phylogenetic analyses showed that P. mapelanensis is most closely related to, but distinct from, P. dodonaeae Boesewinkel, P. longispora Arzanlou & Crous, and P. xanthoxyli (Cooke) Y.L. Guo & X.J. Liu. Based on multiple phenotypic characters such as conidial and conidiophores shape, dimensions and number of septa, these species can also be distinguished from P. mapelanensis.
It was not possible to conduct pathogenicity tests with P. mapelanensis in this study. This was due to the fact that the fungus does not sporulate in culture and the host trees are rare and could not be obtained for intensive study. This is consistent with many Pseudocercospora species and their Mycosphaerella sexual states that are highly host-specific and that are commonly treated as pathogens in the absence of pathogenicity tests (Crous and Braun 2003; Crous et al. 2004 Crous et al. , 2008 Crous 2009 ). All indications from this study are that P. mapelanensis is the causal agent of the disease of B. racemosa and it was the only fungus found consistently on infected tissue. The disease of B. racemosa was often severe and although it did not cause defoliation, it appeared to result in significant levels of fruit abortion. It is probable that the pathogen is native on its host but this is a question that deserves further study.
